Recently, we found that more than 10% of the cases of acute non-A, non-B, non-C hepatitis in Taiwan were caused by a novel strain of hepatitis E virus (HEV). Since none of these patients had a history of travel to areas where HEV is endemic, the source of transmission remains unclear. The recent discovery of a swine HEV in herd pigs in the United States has led us to speculate that HEV may also circulate in herd pigs in Taiwan and may serve as a reservoir for HEV in Taiwan. Of 275 herd pigs obtained from 10 pig farms in Taiwan, 102 (37%) were seropositive for serum anti-HEV immunoglobulin G (IgG). A 185-bp genomic sequence within the ORF-2 of the HEV genome was amplified and cloned from serum samples of an anti-HEV positive pig and subsequently from serum samples of a patient with acute hepatitis E. Sequence comparison revealed that the swine and human isolates of HEV share 97.3% identity. Phylogenetic analyses further showed that the Taiwan swine and human isolates of HEV form a distinct branch divergent from all other known strains of HEV, including the U.S. swine strain. To examine the potential risk of cross-species transmission of swine HEV to humans, the seroprevalences of anti-HEV IgG in 30 swine handlers, 20 pork dealers, and 50 control subjects were assessed and were found to be 26.7, 15, and 8%, respectively (for swine handlers versus controls, P ‫؍‬ 0.048). Our findings may help provide an understanding of the modes of HEV transmission and may also raise potential public health concerns for HEV zoonosis.
Hepatitis E virus (HEV) is the major causative pathogen of enterically transmitted non-A, non-B hepatitis (3, 4, 17, 33) . HEV is a nonenveloped RNA virus. Its genome, about 7.5 kb in size, contains three partially overlapping open reading frames (ORFs) (18, 40) . ORF-1 likely encodes nonstructural viral proteins (putative RNA helicase, protease, and RNAdependent RNA polymerase). ORF-2 encodes the putative capsid protein, and ORF-3 encodes a cytoskeleton-associated phosphoprotein (14, 18, 40, 50) .
HEV is transmitted primarily via a fecal-oral route, and hepatitis E occurs predominantly as outbreaks of waterborne epidemics in developing countries (3, 18) . Hepatitis E is rarely diagnosed in developed countries and is usually regarded as imported (1, 8, 21, 38, 39) . It has, however, long been an enigma that the seroprevalence of HEV antibodies (anti-HEV) is relatively high in areas where HEV is not endemic compared to the documented disease burden (7, 22, 25, 30, 32, 45) .
Taiwan, an area of endemicity for viral hepatitis A and B, has never had an epidemic of hepatitis E. However, about 10 to 20% of the cases of acute hepatitis identified on this island are without a defined etiology. Recently, we found that more than 10% of our cases of acute non-A, non-B, non-C hepatitis were caused by acute infection with a novel strain of HEV (12) . A partial sequence within the ORF-1 of this novel strain of HEV was successfully cloned from four of these patients. Phylogenetic studies indicated that all four of these isolates of HEV form a distinct branch divergent from all previously reported isolates worldwide (12) . Since none of our patients had a disease-related history of travel to areas where HEV is endemic, it is quite likely that the transmission of HEV occurred in Taiwan. Therefore, it is important to determine the source of transmission of HEV in Taiwan. Recently, a novel strain of HEV from swine (the U.S. swine HEV strain) was isolated from herd pigs in the midwestern United States (26) . Subsequently, two cases of acute hepatitis E reported in the United States were found to be caused by an HEV strain genetically very similar to the U.S. swine HEV strain (36) . These findings suggest that swine HEV may be involved in cross-species infection between swine and humans. Since swine HEV and the U.S. human strains of HEV are so similar genetically and since Taiwan has a dense population of pigs, it was of interest to examine whether pigs in Taiwan are a potential reservoir for HEV transmission to humans. Herein we report evidence of HEV circulation in herd pigs in Taiwan and identification of a Taiwan strain of swine HEV genetically distinct from the U.S. swine HEV strain. Interestingly, sequence comparison and phylogenetic analyses indicated that the Taiwan swine and human isolates of HEV were distinct from other known strains of HEV but were very closely related to each other.
MATERIALS AND METHODS
Swine serum samples. Serum samples were collected from 275 pigs on 10 pig farms in different geographic regions in Taiwan. Almost all the pigs tested in this study were older than 3 months. Serum samples from 10 specific-pathogen-free (SPF) pigs raised under laboratory conditions were included as negative controls for the enzyme-linked immunosorbent assay (ELISA) for detection of anti-HEV in swine sera.
ELISA for anti-HEV in swine. The standard ELISA for anti-HEV in swine was performed essentially as described previously (26, 27) . Briefly, a purified 55-kDa truncated form of the putative capsid protein derived from a human strain of HEV (Sar-55) was used as the antigen for the ELISA (42, 43) . Peroxidaselabeled goat anti-swine immunoglobulin G (IgG) was used as the secondary antibody. All of the swine serum samples were assayed in duplicate. Preimmune and hyperimmune anti-HEV-positive sera as well as preinoculation and postinoculation sera from a pig experimentally infected with swine HEV were included as negative and positive controls, respectively (26, 27) . In addition, serum samples from 10 SPF pigs were included as negative controls.
Human serum samples. To examine the genetic relationship of the Taiwan swine isolate of HEV to the human HEV isolate causing sporadic cases of acute hepatitis E in Taiwan, acute-phase sera from a patient with acute hepatitis E were used for molecular cloning of a cognate region within the ORF-2 of the HEV genome. We had used the same serum sample to clone a partial sequence within the ORF-1 of HEV in a previous study (patient T821) (12) . To assess the seroprevalence of anti-HEV IgG in pig handlers, serum samples were obtained from 30 individuals who had worked on swine farms for at least 5 years. Twenty individuals who had worked in pork companies and 50 age-and sex-matched (to the swine handlers) healthy individuals were included as control groups.
ELISA for anti-HEV IgG and anti-HEV IgM in human. Serum was assayed for anti-HEV IgG and anti-HEV IgM in humans by using commercial diagnostic kits according to the manufacturer's instructions (Genelabs Diagnostica, Singapore) (48) .
RNA extraction and reverse transcription-PCR (RT-PCR).
RNA was extracted from 100 l of each serum sample by the single-step acid-phenol method and was converted to cDNA by a random primer method as described previously (11) . The cDNA templates were subjected to amplification by a PCR standardized to detect HEV RNA. Two sets of primers derived from the putative capsid gene of the U.S. swine HEV strain (26) were used for the nested PCR. The first-round and second-round PCRs were performed similarly with 25 and 35 cycles, respectively, and the PCR parameters included denaturation for 40 s at 94°C, annealing for 1 min at 55°C, and extension for 1 min at 72°C. The amplified DNA products were analyzed by gel electrophoresis and were subsequently cloned into the pGEM-T vector according to the manufacturer's instructions (Promega, Madison, Wis.). The cloned PCR products were sequenced with an Automatic Sequencer Kit (ABI PRISM 337 DNA sequencer PRISM 337 Collection; Sequence Analysis 3.0; Perkin-Elmer). The primer sequences for the first-round PCR were as follows: sense primer, 5Ј-AACACACCTTACACTGG TGCAT-3Ј, and antisense primer, 5Ј-TGCCCTTGTCCTGCTGCGCATTCT-3Ј. Those for the second-round PCR were as follows: sense primer, 5Ј-CGTGTTT CCCGGTACACCAGCACA-3Ј, and antisense primer, 5Ј-CAGTTGGCCCCC GGCCGACGAA-3Ј.
Sequence analyses. Pairwise sequence comparison and phylogenetic analyses were carried out with the aid of computer software (Clustal) with a weighted residue weight table (DNAstar, Inc., Madison, Wis.).
Nucleotide sequence accession numbers. The GenBank accession numbers for the Taiwan swine and human isolates of HEV reported herein are AF077004 and AF077005, respectively.
RESULTS
Serological evidence that HEV is circulating in herd pigs in Taiwan. Two hundred seventy-five serum samples obtained from pigs on 10 pig farms were assayed for the presence of anti-HEV IgG. As shown in Table 1 , about 37.1% of the pigs tested were seropositive for anti-HEV IgG. However, the percentage of pigs seropositive for anti-HEV IgG varied among different farms: from as low as 0% (0 of 6 pigs) and 4.8% (2 of 42 pigs) to as high as 61.5% (16 of 26 pigs) and 66.7% (20 of 30 pigs). The variations were not considered to be a result of age differences, since almost all the pigs tested were older than 3 months. The specificity of the ELISA for assaying anti-HEV IgG in swine sera had been validated previously (26) and was further supported by seronegativity for anti-HEV in 10 SPF pigs raised under laboratory conditions (data not shown).
Identification of a novel sequence of HEV from a pig serum sample positive for anti-HEV. Fifty-six serum samples obtained from farms 9 and 10 were subjected to RT-PCR amplification to attempt to identify the sequence within the conserved ORF-2 region of HEV. Only 1 of the 38 anti-HEVpositive serum samples was positive by RT-PCR for HEV RNA, while all 18 anti-HEV-negative serum samples remained RT-PCR negative (data not shown). Cloning and sequencing analysis confirmed that the amplified PCR product was derived from the genome of a novel HEV strain. The nucleotide sequence of this novel strain of HEV (strain swT74) from swine was compared to the sequences of the corresponding regions of the U.S. swine HEV and other strains of human HEV ( Fig.  1) .
Comparison of Taiwan swine HEV to Taiwan human HEV. We have previously reported the identification of a novel strain of HEV from patients with acute non-A, non-B, non-C hepatitis in Taiwan (12) . The cDNA fragments cloned from these human strains of HEV were within the ORF-1. In order to determine the genetic relationship between strains of swine HEV and human HEV in Taiwan, a patient with acute hepatitis E was selected. The patient was a 72-year-old retired farmer who had lived beside a pig farm in the northern region of Taiwan for decades. The patient had no history of travel abroad before the episode of acute hepatitis. The patient was admitted to the Chang Gung Memorial Hospital presenting with a typical clinical course of acute viral hepatitis. The peak levels of serum alanine aminotransferase (ALT) and total bilirubin were 1,126 U/liter and 22.5 mg%, respectively. The diagnosis of acute hepatitis E was based on elevated levels of ALT and total bilirubin along with the following findings: (i) negative results of testing for serum hepatitis A virus IgM antibodies, hepatitis B virus IgM core antibodies, hepatitis B virus surface antigen, hepatitis C virus antibodies, and hepatitis C virus RNA as determined by RT-PCR; (ii) seropositivity for HEV IgM and IgG antibodies; and (iii) positivity for HEV RNA in serum by an RT-PCR as described previously (12) . Serum samples collected on day 10 after the onset of jaundice were used for the molecular cloning of a partial genomic fragment within the ORF-2 of HEV (Fig. 1) . We had used the same serum sample to clone a partial sequence within the ORF-1 of HEV in a previous report (patient T821) (12) . Comparison of the sequence of this ORF-2 region revealed that this Taiwan isolate of human HEV (T821) shared 97.3 and 98.4% sequence identities with the Taiwan swine HEV isolate (swT74) at the nucleotide level and the amino acid level, respectively (Table 2) .
Phylogenetic analyses of the swine and human strains of HEV isolated in Taiwan and other available strains of HEV worldwide. A pairwise comparison based on a 185-bp sequence within the ORF-2 was performed ( Table 2 ). The Taiwan swine HEV strain (swT74), the Taiwan human HEV strain (T821), the U.S. swine HEV strain (swUS), a strain of HEV identified from a patient in the United States (US-1), and other strains of HEV isolated from other regions of the world were included in the comparison. As shown in Table 2 , the nucleotide sequence identity between the U.S. swine isolate and US-1 was 92.4%, whereas the identity between the Taiwan swine isolate and the U.S. swine isolate was 80.0%, and that between the Taiwan swine isolate and US-1 was 77.3%. Clearly, the two swine strains of HEV isolated in different geographic regions were genetically distinct. The nucleotide sequences of the Taiwan swine and human isolates of HEV were 97.3% identical to each other, while they shared only about 70% nucleotide sequence identities with HEV strains isolated from China, Pakistan, India, Nepal, Burma, Egypt, and Chad. Phylogenetic analysis, as shown in Fig. 2 , indicated that the Taiwan swine and Taiwan human isolates of HEV were clustered into a single branch, while the U.S. swine isolate and the U.S. human isolate (US-1) formed another distinct branch. The isolates from Asia including China, Pakistan, India, Nepal, and Myanmar formed the third branch, and the Mexican isolate alone represented the fourth branch (Fig. 2) . The isolates from Africa (Egypt and Chad) were clustered with each other and were relatively related to the isolates from Asia, but they were quite divergent from the Taiwan, U.S., and Mexican isolates. As a result, both of the isolates from Egypt and Chad might be classified as a subbranch of the Asian strains. The phylogenetic tree based on the partial sequence within ORF-2 is very similar to the tree based on the partial sequence within ORF-1 presented in our previous report (12) . However, the sequence within ORF-1 of the Taiwan swine isolate was not available for analysis in our previous study. Prevalence of serum anti-HEV IgG in pig handlers and in general population in Taiwan. To examine whether pig handlers are at higher risk for HEV infection, 30 individuals who had been handling pigs for more than 5 years were assayed for the presence of anti-HEV. Anti-HEV IgG was detected in 26.7% (8 of 30) of these pig handlers. In comparison, 20 individuals who worked in pork companies but who had no direct contact with pigs were included, and 15% (3 of 20) were found to be positive for serum anti-HEV IgG. In addition, 50 ageand sex-matched (to the group of pig handlers) individuals were also selected as controls, and 8% (4 of 50) were found to be positive for serum anti-HEV IgG. As shown in Table 3 , the differences in the seroprevalence rates among the three groups are not statistically significant, while the difference between the pig handlers and the controls was marginally significant (P ϭ 0.048 by Fisher's exact test).
FIG. 1.
Nucleotide sequence alignments of a 185-bp genomic sequence within the ORF-2 region of HEV. Ch.1, Ch.2, Ch.3, CHb, and CXj are five isolates from China (GenBank accession nos., D11092, L25547, L25595, M94177, and L08816, respectively); Pk, Ind532, Np, Br, Ind, MY, Egy, and Chad are the isolates from Pakistan (accession no. M80581), India (accession no. U62621), Nepal (accession no. AF020607), Myanmar (accession no. M73218), India (accession no. X99441), Myanmar (accession no. D10330), Egypt (accession no. AF051351), and Chad (accession no. U62121), respectively; swUS and USP-1 are swine and human isolates, respectively, from the United States (accession nos. AF011921 and AF035437, respectively); swT74 (accession no. AF077004) is the swine isolate from Taiwan; T821 (accession no. AF077005) is the isolate from patient T821 (this report); Mx (accession no. M74506) is an isolate from Mexico. The nucleotide position is relative to the numbering system for the Burmese isolate (40) . The nucleotide sequence of isolate Ch.1 is shown on top, and only nucleotide substitutions are indicated (uppercase) for other isolates.
DISCUSSION
It has long been an enigma that the seroprevalence of anti-HEV is relatively high in countries where HEV is not endemic (7, 22, 25, 30, 41) . Recently, an increasing number of patients with sporadic acute hepatitis E but with no history of travel to areas where HEV is endemic have been reported in industrialized countries (15, 16, 20, 37, 49, 51) , suggesting that HEV infection in those patients is acquired domestically. The need to explain domestic infection of HEV in areas where HEV is not endemic has led to a hypothesis that animals may serve as reservoirs for the transmission of human hepatitis E (34). This hypothesis is further supported by the findings that anti-HEV has been detected in a number of wild animals including pigs, sheep, and rats in areas where HEV is endemic (5, 6) and that domestic pigs, monkeys, rats, and sheep were reportedly susceptible to infection with HEV (2, 13, 24, 45). Balayan et al. (2) reported that Russian domestic swine were susceptible to experimental infection with a Central Asian strain of HEV isolated from a human. However, the identity of the virus infecting pigs in that study was not known since the virus recovered from the pigs was not sequenced. Others have failed to experimentally infect pigs with two well-characterized epidemic strains of human HEV, including an Asian strain of human HEV (27, 31) . Recently, a U.S. strain of human HEV isolated from a U.S. resident was shown to infect pigs, but this U.S. strain of human HEV is genetically very closely related to the U.S. strain of swine HEV (28) . It is possible that the genetic makeup of a particular HEV strain may determine the host range. Experimental infections of rhesus monkeys and chimpanzees with swine HEV and of pigs with a human strain of a The percent identities below the diagonal space are for nucleotide sequences, and those above the diagonal space are for amino acid sequences.
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HEV (28) provided experimental and genetic evidence for cross-species HEV infection. However, further experiments are needed to confirm that swine serve as a natural reservoir for transmission of human HEV. We report herein on another isolate of swine HEV identified from a pig in Taiwan. The Taiwan swine HEV strain is genetically distinct from the swine HEV strain reported in the United States (26) and other known strains of HEV, but it is very closely related to the HEV strain isolated from humans with sporadic acute hepatitis E in Taiwan (12) . Several lines of evidence suggest that the Taiwan swine isolate of HEV and the human strains of HEV causing sporadic acute hepatitis E in Taiwan may be variants of the same virus. (i) On the basis of a 185-bp sequence within the ORF-2 of the HEV genome, the Taiwan swine and human isolates of HEV are genetically very similar to each other (97.3 and 98.4% sequence identities at the nucleotide and amino acid levels, respectively). (ii) The phylogenetic tree based on the partial ORF-2 sequence (Fig. 2) is very similar to the one generated previously with a partial ORF-1 sequence, the sequence of which has not been determined for the Taiwan swine isolate (12) . The similar genetic relationship among different isolates of HEV was obtained by separate phylogenetic analyses of the entire genome and of each of the putative viral genes, as well as the respective peptides of HEV (10), which further support our hypothesis. (iii) The human isolate of HEV from which the partial ORF-2 sequence was determined in this study emanated from the same serum sample (T821) that was used to clone the partial sequence within ORF-1 in our previous study (12) . Therefore, the Taiwan swine isolate of HEV very likely forms a monophyletic group with the four human isolates of HEV described in our previous report (12) . Further studies are warranted to characterize genetically and experimentally the novel swine HEV strain identified in Taiwan and to determine definitively the phylogenetic relationships among these novel HEV strains.
Since the identification of novel strains of HEV from two U.S. residents without a history of travel to areas where HEV is endemic, numerous HEV variants have recently been identified in areas where the disease is not endemic (9, 12, 20, 36, 37, 46, 47, 51) . Novel HEV variants which are genetically distinct from the Burmese, Mexican, and U.S. genotypes have been identified from Taiwan (12), Italy (37, 51) , Greece (37), Egypt (44) , and China (46) . However, the sequences of the new Chinese isolates that have been reported were not in the same region as those of the Taiwan isolates of human and swine HEV whose sequences have been reported (46) , and the sequences of the Italian and Greek isolates are not yet available in the database (37, 51) to permit us to perform a phylogenetic analysis. Recently, by using bootstrap resampling of the multiple-sequence alignment, Schlauder et al. (37) reported a phylogenetic tree based on a partial sequence within ORF-1. They showed that the isolates from Taiwan were relatively more closely related to the isolates from Liaoning Province of China (namely, the new Chinese genotype) but were divergent from Burmese-like group (including isolates from Burma, Pakistan, India, Nepal, and western China), the Mexican isolate, the U.S. group (including two human isolates and one swine isolate from the United States), or the novel isolates from Europe (including two the Italian isolates and one Greek isolate). However, a definitive genetic relationship between the Taiwan swine HEV strain and the human isolates of HEV from Liaoning Province of China remains to be determined.
The seroprevalence of anti-HEV in swine in Taiwan was found to be relatively high, suggesting that HEV is widespread in the swine population in Taiwan. Similar results were reported for pigs in the United States (26) . Therefore, it is reasonable to speculate that HEV may circulate in the swine population worldwide. This may pose a potential public health concern as a zoonosis for pig handlers as well as for the general population, since HEV is transmitted by the fecal-oral route. In addition, considering the immense interest in xenotransplantation of pig organs, swine HEV may also pose a potential risk for xenozoonosis.
As a first step toward addressing the question of whether swine HEV can be transmitted to humans, we assessed the prevalence of serum anti-HEV IgG in pig handlers, pork dealers, and the general population. Similar to previous reports (22) , the prevalence of serum anti-HEV was relatively high even in the control groups (8% of the general population and 15% of pork dealers). Although the prevalence of serum anti-HEV was higher in pig handlers (26.7%), the difference in prevalence between pig handlers and the general population group is only marginally significant (for pig handlers versus the general population group, P ϭ 0.048 by Fisher's exact test). These findings indicate (i) that HEV infection occasionally occurs in the general population. (ii) Transmission of swine HEV to humans does occur, but not frequently. In fact, only a few cases of acute hepatitis E have been identified in the United States, although most of the pigs there were infected with HEV. Considering that pigs usually become infected at an early age and the majority of adult pigs are seropositive for anti-HEV (26) and considering that shedding of virus in feces occurs only during the acute stage of infection, anti-HEVpositive adult pigs very unlikely shed virus in their feces or sera. In addition, because the virus is transmitted by the fecal-oral route, transmission of HEV is greatly dependent on the sanitary conditions under which the pig handlers work, which have been much improved in recent years in industrialized countries. These factors should significantly reduce the risk for transmission of HEV from swine to humans. (iii) Swine may not be the only animal reservoir for HEV. That hepatitis E has been reported in countries that do not traditionally raise pigs and that the high rate of seroprevalence of anti-HEV in the general population in areas where HEV is not endemic indicate the presence of other animal reservoirs for HEV. In fact, serum anti-HEV has been found in wild rats, monkeys, and sheep in areas where HEV is endemic (6) . Domestic animals such as dogs, cats, and rats may also serve as reservoirs for transmission of human hepatitis E. Clearly, the natural history of HEV must be determined in order to effectively prevent HEV zoonosis.
Overt hepatitis E is usually associated with a higher serum bilirubin level (17, 29, 47 ) and a higher mortality rate than acute hepatitis caused by hepatitis A or B virus (18) . However, most of the individuals positive for serum anti-HEV IgG do not have a history of overt hepatitis, suggesting that subclinical infection with HEV exists and occurs more frequently than overt hepatitis. Indeed, in pigs naturally infected with HEV and in pigs experimentally infected with swine HEV, only mild histological evidence of hepatitis was observed (26, 28) . Similarly, only mild biochemical and histological evidence of hepatitis was observed in nonhuman primates experimentally infected with swine HEV (27) . Variations in the clinical manifestations of viral hepatitis are usually dependent on multiple factors, such as the age of the patients and the immune response of the host. The genetic heterogeneity of the virus may also be an important determining factor. For example, infection with genotype 1b of the hepatitis C virus usually runs a graver course and has a poorer response to interferon therapy than infection with other genotypes (19, 23, 35) . It is, therefore, very important to determine whether an avirulent strain of HEV is causing a subclinical infection or whether a virulent strain of HEV is causing severe hepatitis in humans. The Taiwan swine HEV strain does not appear to cause any clinical symptoms in swine (data not shown). However, a strain of HEV very similar to the Taiwan swine HEV strain caused overt hepatitis in humans in Taiwan (for example, patient T821). Furthermore, pigs inoculated with the US-2 human strain of HEV remained clinically normal (28) . Nevertheless, these findings do not exclude the possibility that clinically divergent presentations of human HEV infection are a result of the genetic heterogeneity of the virus. Comparison of the sequences of HEV isolates from patients with or without overt hepatitis is necessary to address this question. However, it is almost impossible to isolate HEV from individuals without overt hepatitis, since HEV infection is transient and subclinical hepatitis goes unattended.
